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ABSTRACT

African swine fever virus (ASFV) is the etiological agent of a contagious and often lethal disease of domestic pigs that has signifi-
cant economic consequences for the swine industry. The control of African swine fever (ASF) has been hampered by the unavail-
ability of vaccines. Experimental vaccines have been developed using genetically modified live attenuated ASFV's where viral
genes involved in virus virulence were removed from the genome. Multigene family 360 (MGF360) and MGF505 represent a
group of genes sharing partial sequence and structural identities that have been connected with ASFV host range specificity,
blocking of the host innate response, and virus virulence. Here we report the construction of a recombinant virus (ASFV-G-
AMGEF) derived from the highly virulent ASFV Georgia 2007 isolate (ASFV-G) by specifically deleting six genes belonging to
MGF360 or MGF505: MGF505-1R, MGF360-12L, MGF360-13L, MGF360-14L, MGF505-2R, and MGF505-3R. ASFV-G-AMGF
replicates as efficiently in primary swine macrophage cell cultures as the parental virus. In vivo, ASFV-G-AMGEF is completely
attenuated in swine, since pigs inoculated intramuscularly (i.m.) with either 10* or 10* 50% hemadsorbing doses (HAD,) re-
mained healthy, without signs of the disease. Importantly, when these animals were subsequently exposed to highly virulent pa-
rental ASFV-G, no signs of the disease were observed, although a proportion of these animals harbored the challenge virus. This
is the first report demonstrating the role of MGF genes acting as independent determinants of ASFV virulence. Additionally,
ASFV-G-AMGEF is the first experimental vaccine reported to induce protection in pigs challenged with highly virulent and epide-

miologically relevant ASFV-G.

IMPORTANCE

The main problem for controlling ASF is the lack of vaccines. Studies focusing on understanding ASFV virulence led to the pro-
duction of genetically modified recombinant viruses that, while attenuated, are able to confer protection in pigs challenged with
homologous viruses. Here we have produced an attenuated recombinant ASFV derived from highly virulent ASFV strain Georgia
(ASFV-G) lacking only six of the multigene family 360 (MGF360) and MGF505 genes (ASFV-G-AMGF). It is demonstrated, by
first time, that deleting specific MGF genes alone can completely attenuate a highly virulent field ASFV isolate. Recombinant vi-
rus ASFV-G-AMGEF effectively confers protection in pigs against challenge with ASFV-G when delivered once via the intramus-
cular (i.m.) route. The protection against ASFV-G is highly effective by 28 days postvaccination. This is the first report of an ex-
perimental vaccine that induces solid protection against virulent ASFV-G.

frican swine fever (ASF) is a contagious viral disease of swine

caused by ASF virus (ASFV), a large enveloped virus contain-
ing a double-stranded DNA genome of approximately 180 to 190
kbp (1). ASF causes a spectrum of disease manifestations, from
highly lethal to subclinical, depending on host characteristics and
the virus strain (2). Virulent ASFV infections in domestic pigs are
fatal and characterized by fever, hemorrhages, ataxia, and severe
depression.

Currently, ASF is endemic in several sub-Saharan African
countries. In Europe, the disease is endemic in Sardinia (Italy),
and outbreaks have been recorded in the Caucasus region since
2007, affecting Georgia, Armenia, Azerbaijan, and Russia, and,
more recently, in Ukraine, Belarus, Lithuania, Latvia, and Poland,
threatening to disseminate into neighboring western European
countries (3).

There is no vaccine available for ASF, and outbreaks are usually
controlled by animal quarantine and elimination of the affected
animals. Experimental vaccines based on the use of different inac-
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tivated virus preparations have failed to induce protective immu-
nity (4-6). Protective immunity against reinfection with homol-
ogous viruses and (rarely) against reinfection with heterologous
viruses does develop in pigs surviving viral infection (7, 8). Pigs
immunized with live attenuated ASF viruses containing engi-
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neered individual deletions of ASFV virulence-associated genes
(genes UK, DP69R, 23-NL, TK, and 9GL) were protected when
challenged with homologous virulent parental virus (9-12). Thus
far, those studies have provided the only experimental evidence
describing the rational development of an effective live attenuated
virus against ASFV.

The ASFV genome contains genes constituting several distinct
multigene families (MGF), originally characterized as genes pres-
ent as repetitive sequences in terminal genomic regions and
named to reflect the average lengths of the predicted gene product
(13, 14). Two of these families, MGF360 and MGF505, are present
in the highly variable left-terminal genomic region and encode
products sharing structural similarities (13-18).

Some cell culture-adapted ASFV isolates (such as the Vero cell-
adapted Badajoz71 or Georgia07 isolates) contain gaps in the vari-
able left-terminal region of their genomes harboring deletions
that encompass several genes of both MGF360 and MGF505 (15,
19-22). Usually, adaptation to replication in these cell lines coin-
cides with attenuation of these isolates in swine (8, 22-25). How-
ever, there is no conclusive evidence supporting the idea of a
cause-effect mechanism operating between the deletion of specific
MGEF genes, cell culture adaptation, and virus attenuation in
swine.

Investigating the MGF360 and MGF505 regions may elucidate
their roles in the ASFV replication cycle and/or their contribu-
tions to virulence. For instance, deletion of MGF genes in the Vero
cell-adapted ASFV BA71 isolate reduced the ability of the virus to
replicate in swine macrophages (26, 27), and partial reconstitu-
tion of the gap observed in the genome, located within the variable
left-terminal region, led to the virus regaining the ability to repli-
cate in swine macrophages (26). In addition, it has been observed
that genes within the MGF360 and MGF505 regions are important
for enabling virus replication in tick cells (28). It has also been
reported that MGF360 and MGF505 genes are involved in the
inhibition of interferon (IFN) production (29). MGF360 and
MGF505 genes have also been implicated in virus virulence; dele-
tion of genes within these MGFs contributed to attenuation of the
virulent recombinant Malawi Lil-20/1ANL strain (30), whose NL
virulence-associated viral gene had already been deleted (31).

Here, we report the construction of a recombinant virus de-
rived from the highly virulent ASFV Georgia 2007 (ASFV-G) iso-
late by specifically deleting six genes of the ASFV MGF360 and
MGF505 families (ASFV-G-AMGF). It was shown that ASFV-G-
AMGEF replicates in primary swine macrophage cell cultures as
efficiently as the parental virus. In vivo, ASFV-G-AMGF adminis-
tered intramuscularly (i.m.) to swine at doses as high as 10* 50%
hemadsorbing doses (HADs,) is completely attenuated. Impor-
tantly, animals infected i.m. with 10 or 10* HAD, of ASFV-G-
AMGF were protected against clinical disease when challenged at
28 days postinfection (dpi) with highly virulent parental ASFV-G.
This constitutes the first report demonstrating that deletion of
specific members of MGF360 and MGF505 is sufficient to pro-
duce a complete attenuation of a virulent field isolate and that the
resulting recombinant virus is able to induce an effective protec-
tive response against challenge with the parental virus, ASFV-G.

MATERIALS AND METHODS

Cell cultures and viruses. Primary swine macrophage cell cultures were
prepared from defibrinated swine blood as previously described by Zsak et
al. (11). Briefly, heparin-treated swine blood was incubated at 37°C for 1 h
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to allow sedimentation of the erythrocyte fraction. Mononuclear leuko-
cytes were separated by flotation over a Ficoll-Paque (Pharmacia, Piscat-
away, NJ) density gradient (specific gravity, 1.079). The monocyte/mac-
rophage cell fraction was cultured in plastic Primaria tissue culture flasks
(Falcon; Becton Dickinson Labware, Franklin Lakes, NJ) containing mac-
rophage media, composed of RPMI 1640 medium (Life Technologies,
Grand Island, NY) with 30% 1929 supernatant and 20% heat-inactivated
fetal bovine serum (HI-FBS; Thermo Scientific, Waltham, MA), for 48 h
at 37°C under 5% CO,. Adherent cells were detached from the plastic by
using 10 mM EDTA-phosphate-buffered saline (PBS) and were then re-
seeded into Primaria T25 6- or 96-well dishes at a density of 5 X 10° cells
per ml for use in assays 24 h later.

ASFV Georgia (ASFV-G) was a field isolate kindly provided by N.
Vepkhvadze of the Laboratory of the Ministry of Agriculture (LMA) in
Tbilisi, Republic of Georgia (22).

Comparisons of growth curves of ASFV-G and ASFV-G-AMGF vi-
ruses were performed in primary swine macrophage cell cultures. Pre-
formed monolayers were prepared in 24-well plates and infected at a mul-
tiplicity of infection (MOI) 0f 0.1 or 0.01 (based on the HAD,, previously
determined in primary swine macrophage cell cultures). After 1 h of ad-
sorption at 37°C under 5% CO,, the inoculum was removed and the cells
were rinsed two times with PBS. The monolayers were then rinsed with
macrophage media and incubated for 2, 24, 48,72, and 96 h at 37°C under
5% CO,. At appropriate times postinfection, the cells were frozen at
—70°C or lower and the thawed lysates were used to determine titers by
HAD;,/ml in primary swine macrophage cell cultures. All samples were
run simultaneously to avoid interassay variability.

Virus titration was performed on primary swine macrophage cell cul-
tures in 96-well plates. Virus dilutions and cultures were performed using
macrophage medium. The presence of virus was assessed by hemadsorp-
tion (HA), and virus titers were calculated by the Reed and Muench
method (32).

Construction of the recombinant ASFV-G-AMGEF strain. Recombi-
nant ASFVs were generated by homologous recombination between the
parental ASFV genome and a recombination transfer vector following
infection and transfection of swine macrophage cell cultures (11, 33). The
recombinant transfer vector (p72GUSAMGEF) contained flanking
genomic regions, which included the amino terminus of the MGF505-1R
gene mapping to the left (the left arm is located between genomic posi-
tions 24566 and 27928) and the carboxyl end of the MGF505-3R gene
mapping to the right (the right arm is located between genomic positions
35487 and 36515) and a reporter gene cassette containing the B-gluc-
uronidase (3-GUS) gene with the ASFV p72 late gene promoter (11). This
construction created a 7,558-nucleotide deletion in the left variable region
of ASFV-G (between nucleotide positions 27928 and 35487) (Fig. 1). Re-
combinant transfer vector p72GUSAMGEF was obtained by DNA synthe-
sis (Epoch Life Sciences, Sugar Land, TX, USA). Macrophage cell cultures
were infected with ASFV-G and transfected with p72GUSAMGF. Recom-
binant viruses representing independent primary plaques were purified to
homogeneity by successive rounds of plaque assay purification.

PCR. The purity of ASFV-G-AMGF in the virus stock was assessed by
PCR. Detection of the MGF350/MGF505 genes was performed using the
following pair of primers: forward, 5'-GAGGATGATTTGCCCTTCACT
CA-3’; reverse, 5'-CGCCACTAGTAAACATTGTTCTATCT-3'. These
primers amplified a 422-bp fragment of the open reading frame (ORF)
MGF505-1R gene. Detection of the B-GUS gene was performed using the
following pair of primers: forward, 5'-GACGGCCTGTGGGCATT-3'; re-
verse, 5'-GCGATGGATTCCGGCAT-3". Detection of the p72 (B646L)
gene was performed using the following pair of primers: forward, 5'-GT
CTTATTGCTAACGATGGGAAG3'; reverse, 5'-CCAAAGGTAAGCTT
GTTTCCCAA-3".

Sequencing of PCR products. PCR products were sequenced using
the dideoxynucleotide chain termination method (34). Sequencing reac-
tions were prepared with a BigDye terminator cycle sequencing kit (Ap-
plied Biosystems, Foster City, CA). Reaction products were sequenced on
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FIG 1 Schematic representation of the MGF360 and MGF505 gene region deleted in ASFV-G-AMGF and replaced with the p72GUS reporter gene cassette.
Nucleotide positions indicating the boundaries of the deletion relative to the ASFV-G genome are indicated.

a Prism 3730x] automated DNA sequencer (Applied Biosystems). Se-
quence data were assembled with the Phrap software program (http:
/[www.phrap.org), with confirmatory assemblies performed using CAP3
(35). The final DNA consensus sequence represented an average 5-fold
redundancy at each base position. Sequence comparisons were conducted
using BioEdit software (Tom Hall, Ibis Biosciences, Carlsbad, CA).

Next-generation sequencing (NGS) of ASFV genomes. ASFV DNA
was extracted from infected cells and quantified as described earlier (22).
Full-length sequencing of the virus genome was performed as described
elsewhere (22). Briefly, 1 pg of virus DNA was enzymatically sheared and
the resulting fragmented DNA size distribution was assessed. Adapters
and library barcodes were ligated to the fragmented DNA. The appropri-
ate size range of the adapter-ligated library was collected using the Pippin
Prep system (Sage Science) followed by normalization of the library con-
centration. The DNA library was then clonally amplified onto Ion sphere
particles (ISPs) and enriched. Enriched template ISPs were prepared and
loaded onto Ion chips for sequencing. Sequence analysis was performed
using Galaxy (https://usegalaxy.org/) and CLC Genomics Workbench
(CLCBio).

Animal experiments. Animal experiments were performed under
biosafety level 3 conditions in the animal facilities at the Plum Island
Animal Disease Center (PIADC) following a protocol approved by the
Institutional Animal Care and Use Committee.

ASFV-G-AMGEF was assessed for its virulence phenotype relative to
that of the parental ASFV-G virus using 80-to-90-pound commercial
breed swine. Five pigs were inoculated intramuscularly (i.m.) with either
10% or 10* HADS, of ASFV-G-AMGF or ASFV-G. Clinical signs (anorexia,
depression, fever, purple skin discoloration, staggering gait, diarrhea, and
cough) and changes in body temperature were recorded daily throughout
the experiment.

To assess the protective effect of ASFV-G-AMGF, at 28 days postin-
fection, ASFV-G-AMGF-infected animals were i.m. challenged with 10°
HADq,, of highly virulent parental ASFV-G. Clinical signs (as described
above) and changes in body temperature were recorded daily throughout
the experiment.

Detection of anti-ASFV antibodies. Anti-ASFV antibodies in sera of
infected animals were quantified using an assay developed in-house. Vero
cells were infected (MOI = 0.1) with the ASFV Vero cell-adapted Georgia
strain (22) in 96-well plates. Two-fold dilutions of the sera were incubated
for 1 hat37°Cin the 96-well ASFV-infected cell monolayer. After washing
was performed, the presence of anti-ASFV antibodies was detected by
using a commercial anti-swine peroxidase-labeled mouse immunoglob-
ulin and a peroxidase substrate (Vector Laboratories, Burlingame, CA).
Titers were expressed as the log,, of the inverse of the highest serum
dilution showing a reaction with the infected cells.
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RESULTS

Amino acid identity of putative proteins encoded by ORFs
MGF360-12L, -13L, and -14L and MGF505-1R, -2R, and -3R. Pu-
tative proteins encoded by ORFs MGF360-12L, -13L, and -14L
and MGF505-1R, -2R, and -3R of ASFV-G were compared with
those of ASFV isolates of different geographical and temporal or-
igins (Table 1 and Fig. 2). Despite the differences, a high degree of
conservancy was observed among these ORFs. Identity of 84%
and above was observed among these ORFs, with the lowest level
of identity observed with the Kenya isolate obtained in 1950.
These field isolates are considered virulent for domestic pigs, with
the exception of the Mkuzi, Warmbaths, and Warthog field iso-
lates, whose pathogenicity is unknown. In contrast, alignment of
the left variable genome region of nonvirulent ASFV field isolates
OURT88/3 and NHV with that of ASFV-G showed deletions en-
compassing different members of MGF360 and MGF505 ORFs,
including MGF360-12L, -13L, and -14L and MGF505-1R, -2R,
and -3R, indicating a possible role of these gene families in the
pathogenicity of ASFV.

Development of the ASFV-G-AMGF deletion mutant. ASFV-
G-AMGF was constructed from the highly pathogenic ASFV
Georgia 2007 isolate (ASFV-G). A 7,558-bp region (between nu-
cleotide positions 27928 and 35487) was deleted from the ASFV-G
virus and replaced with a cassette containing the p72GUS reporter
gene by homologous recombination (see Materials and Methods).
The resulting recombinant virus harbors a deletion encompassing
the carboxyl-terminal half of the MGF505-1R gene and complete
deletion of the MGF360-12L, -13L, and -14L and MGF505-2R
genes along with a deletion of the amino-terminal half of the
MGF505-3R gene (Fig. 1). The recombinant virus was obtained
after eight successive plaque purification events on monolayers of
primary swine macrophage cell cultures. The virus population
obtained from the last round of plaque purification was amplified
in primary swine macrophage cell cultures to obtain a virus stock.

To ensure the absence of parental ASFV-G, virus DNA was
extracted from the virus stock and analyzed by PCR using primers
targeting genes p72 (B646L), MGF, and 3-GUS. Only amplicons
for the p72 (B646L) and B-GUS genes were detected in DNA ex-
tracted from the virus stock; no amplicons were generated with
primers targeting the MGF505-1R gene (Fig. 3), indicating the
lack of contamination of the ASFV-G-AMGEF stock with ASFV-G.
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TABLE 1 Amino acid identities of putative proteins encoded by ORFs MGF360-12L, -13L, and -14L and MGF505-1R, -2R, and -3R of different

ASFV isolates relative to those of ASFV-G

GenBank Geographical Yrof MGEF360 ORF identity” MGF505 ORF identity”
Isolate accessionno.  origin Host isolation  Virulence 12L 13L 14L 1R 2R 3R
Tengani 62 AY261364 Malawi Pig 1962 High 0.994 0.951 0.966 0.979 0.952 0.964
Mkuzi AY261362 South Africa Tick 1979 Unknown 0.957 0.960 0.988 0.915 0.988 0.935
Warmbaths AY261365 South Africa Tick 1987 Unknown 0.962 0.929 0.932 0.907 0.948 0.953
Benin 97/1 AM712239 Benin Pig 1997 High 0.928 0.957 0.988 0.902 0.990 0.925
E75 FN557520 Spain Pig 1975 High 0.940° 0.957 0.988 0.902 0.990° 0.925
L60 KM262844 Portugal Pig 1960 High 0.934 0.957 0.988 0.902 0.990 0.925
Warthog AY261366 Namibia Warthog 1980 Unknown  0.962 0.937  0.966  0.896  0.933 0.964
Pretorisuskop/96/4  AY261363 South Africa Tick 1996 High 0.965 0.923  0.960  0.883  0.944 0.957
Malawi Lil-20/1 AY261361 Malawi Tick 1983 High 0.894 0.870 0.896 0.892 0.899 0.864
Kenya 1950 AY261360 Kenya Pig 1950 High 0.866 0.841 0.899 0.862 0.861 0.834

“ Identities of 117 carboxyl-terminal amino acids. E75 harbors a truncated form of the MGF360-12L ORF, lacking 233 residues at the amino-terminal end.
b Identities of 331 amino-terminal amino acids. E75 harbors a truncated form of the MGF505-2R ORF, lacking 169 residues at the carboxyl-terminal end.

Analysis of the ASFV-G-AMGF genome sequence relative to
the parental ASFV-G genome sequence. To evaluate the accuracy
of the genetic modification and the integrity of the genome of the
recombinant virus, full-genome sequences of the ASFV-G-AMGF
and parental ASFV-G strains were obtained using NGS and the
Ion Torrent Personal Genome Machine (PGM) and compared. A
full-length genome comparison between parental ASFV-G and
ASFV Georgia 2007/1 (GenBank accession FR682468) (3) dem-
onstrated the following results: the presence of two nucleotide

A- ASFV field isolates

360-8L 360-9L 360-10L 360-11L  505-1R

360-12L 360-13L 360-14L

insertions (a T nucleotide insertion and an A nucleotide insertion
at nucleotide positions 430 and 441, respectively) in a noncoding
segment at the 5" of the virus genome; a double-frameshift muta-
tion (a TT deletion and a T insertion at nucleotide positions 1602
and 1620, respectively) affecting the MGF360-1L gene; a silent
mutation (at nucleotide position 97321) in ORF B438L; a residue
substitution (Ala to Pro) at residue position 85 in ORF E199L; and
a nucleotide insertion (at nucleotide position 183303) in a non-
coding segment at the 3’ side of the genome (22). The full-length
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FIG 2 Schematic representation of the MGF360 and MGF505 gene region deleted in ASFV-G-AMGF compared with naturally occurring viruses (A), cell-
passaged viruses (B), and recombinant viruses (C). Gray shaded and dotted arrows represent partial and total gene deletions.
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FIG 3 PCR analysis of ASFV-G-AMGF stocks using specific primers targeting
MGF360, MGF505, p72 (B646L), or 3-GUS genes. + control (positive con-
trol), ASFV-G DNA for detection of MGF360 and MGF505 and p72 genes and
p72GUSAMGEF recombinant plasmid for B-GUS gene detection.

genome comparison between ASFV-G-AMGF and parental
ASFV-G revealed a deletion of nucleotides (7,558 bp) correspond-
ing to the introduced modification. Additionally, the consensus
sequence of the ASFV-G-AMGF genome showed an insertion of
2,324 nucleotides corresponding to the p72GUS cassette se-
quence. Besides the insertion of the p72GUS cassette, no addi-
tional differences were observed between the ASFV-G-AMGF and
ASFV-G genomes, confirming that the ASFV-G-AMGF virus did
not accumulate mutations during the process of homologous re-
combination and plaque purification.

Replication of ASFV-G-AMGF in primary swine macro-
phages. MGF genes located in the left variable region of the ASFV
genome have been described to be involved in ASFV replication in
swine macrophages (22, 26, 27). The in vitro growth characteris-
tics of ASFV-G-AMGF were evaluated in primary swine macro-
phage cell cultures, the primary cell targeted by ASFV during in-
fection in swine, and compared to those of the parental ASFV-G
strain in a multistep growth curve analysis. Cell cultures were
infected with these viruses at an MOI of either 0.1 or 0.01, and
samples were collected at 2, 24, 48, 72, and 96 h postinfection
(hpi). ASFV-G-AMGEF displayed a growth kinetic similar to that
of the parental ASFV-G virus (Fig. 4). Therefore, deletion of
MGF360 and MGF505 genes in ASFV-G-AMGF does not signifi-
cantly affect the ability of the virus to replicate in primary swine
macrophage cultures.

Assessment of ASFV-G-AMGF virulence in swine. In order to
evaluate the effect of the deletion of MGF360 and MGF505 genes
on ASFV-G-AMGEF virulence, four groups of 80-to-90-pound
pigs were i.m. inoculated with 10> or 10* HADs, of either ASFV-
G-AMGF (n = 10) or ASFV-G (n = 5). As expected, animals
infected with 10* HAD5, of ASFV-G exhibited increased body
temperature (>104°F) by 3 to 4 days postinfection followed by the
appearance of clinical signs associated with the disease, including
anorexia, depression, purple skin discoloration, staggering gait,
and diarrhea (Table 2). Signs of the disease increased progressively
over time, and animals either died or were euthanized in extremis
by 7 to 8 days postinfection. Animals infected with 10> HAD, of
ASFV-G presented with similar disease, with the difference that
the onset of clinical signs and time of death were delayed 3 to 4
days relative to the results seen with animals infected with 10*
HADs,. Conversely, pigs inoculated via the i.m. route with 10> or
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FIG 4 In vitro growth kinetics of ASFV-G-AMGF and parental ASFV-G. Pri-
mary swine macrophage cell cultures were infected (MOI = 0.1 or 0.01) with
either ASFV-G-AMGEF or parental ASFV-G viruses, and yields of virus titrated
in primary swine macrophage cell cultures were obtained at the indicated
times postinfection. Data represent means and standard deviations of the re-
sults from two independent experiments. Sensitivity of virus detection, =log,,
1.8 HAD,,/ml.

10* HADs, of mutant virus ASFV-G-AMGF did not present any
signs of clinical disease during the entire observation period (21
days). Therefore, deletion of MGF360-12L, -13L, and -14L and
MGF505-1R, -2R, and -3R completely attenuated highly virulent
ASFV-G.

Viremia in experimentally inoculated animals was quantified
at different days postinfection in swine macrophage cell cultures.
As expected, animals inoculated with 10 or 10* HAD,, of virulent
parental ASFV-G had very high virus titers in blood until the day
of their death (Fig. 5). In both groups, viremia titers reached val-
ues as high as 10” to 10* HADs,/ml by the time of death. Con-
versely, animals inoculated with 10 or 10* HADy, of mutant
ASFV-G-AMGF had relatively low virus titers in blood compared
with those of the ASFV-G-inoculated animals. Animals inocu-
lated with 10 HADs, of mutant ASFV-G-AMGF presented a het-
erogeneous pattern of virus titers in blood. While three animals
presented detectable levels (our test sensitivity was =10"* HAD,,/
ml), six of them exhibited intermediate titer values (10* to 10*
HADsy/ml) and only one had viremia titers reaching 10°
HAD;,/ml (Fig. 6A). Almost all animals showed negative results
(=10"®* HADs,/ml) by the day of challenge (28 dpi). Animals
inoculated with 10* HAD,/ml of ASFV-G-AMGF presented pat-
terns of viremia that were also heterogeneous, although, in gen-
eral, they had higher viremia values than those inoculated with 10
HADs,. In this group, 4 of 10 animals presented with viremia
values greater than 10* HAD,,/ml at least at some sample points,
while the other 6 animals exhibited viremias with maximum virus
titers rarely reaching 10° to 10* HAD4,/ml (Fig. 6B). At the time of
challenge, six of these animals had no detectable virus in blood
while the other four animals in the group presented virus titers of
up to 10% to 10> HAD,,/ml. Altogether, the animals infected with
ASFV-G-AMGEF tended to present lower virus titers in blood but
exhibited prolonged viremia relative to the animals inoculated
with parental ASFV-G.

Animals inoculated with ASFV-G-AMGF virus are protected
against challenge with virulent parental virus. In order to assess
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TABLE 2 Survival and fever response following infection of swine via the i.m. route with different doses of ASFV-G-AMGF and parental ASFV-G

No. of 50% HAD No. of survivors/ Mean time to death

Fever data

No. of days (= SD) No. of days (= SD) Maximum daily

and virus strain total no. of animals (no. of days = SD) to onset duration temp (°F = SD)
10%
ASFV-G 0/5 9.2 (0.45) 7.2 (0.84) 2(0.71) 106.4 (0.67)
ASFV-G-AMGF 10/10 —° — — 102.2 (0.29)
10*
ASFV-G 0/5 7.4 (0.55) 3.6 (0.89) 3.8 (1.1) 106.9 (0.51)
ASFV-G-AMGF 10/10 — — — 102.7 (0.81)

@ —, animals did not die or they did not present with fever during the observation period.

the effect of inoculation with ASFV-G-AMGF on the induction of
protection against challenge with virulent parental virus, ASFV-
G-AMGF-exposed animals were challenged with parental virulent
ASFV-G. Two groups of pigs, those inoculated with 10> HAD5, of
ASFV-G-AMGF and those inoculated with 10* HAD,, of ASFV-
G-AMGEF, were i.m. challenged at 28 dpi with 10> HADs, of viru-
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FIG 5 Virus titers in blood samples obtained from pigs infected i.m. with
either 10% (A) or 10* (B) HADs, of ASFV-G. Values are expressed as log,,
HAD,,/ml. Sensitivity of virus detection, =log;, 1.8 HAD,,/ml.
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lent parental ASFV-G. Animals were monitored daily for clinical
signs and changes in body temperature.

Five naive animals that were challenged with parental ASFV-G
using the same route and dose served as a control group. These
animals displayed ASF-related signs by 5 days postchallenge (dpc),
with the signs evolving into more-severe manifestations in the
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log,, HAD,,/ml. Sensitivity of virus detection, =log;, 1.8 HAD;,/ml.

jviasm.org 6053


http://jvi.asm.org

O'Donnell et al.

TABLE 3 Swine survival and fever response in animals infected via the i.m. route with either 10? or 10* HAD5, ASFV-G-AMGF and challenged at

28 dpi via the i.m. route with 10> HAD,, of parental ASFV-G*

No. of survivors/ Mean time to death

Fever data”

No. of days (% SD)

No. of days (= SD) Maximum daily temp

Treatment total no. of animals (no. of days * SD) to onset duration (°F = SD)

10> HADy, 10/10 — 7.5 (1.74) 1(0) 103.5 (1.04)
10* HAD,, 10/10 — 7.5 (4.42)° 1(0) 103.7 (1.10)
Mock infection 0/5 8.2 (1.1) 5.20 (1.31) 3.0 (0.70) 106.5 (0.46)

@ Data represent mean values and standard deviations.
b Rectal temperatures above 104°F.
¢ —, animals did not die or they did not present with fever during the observation period.

4 Three of 10 animals presented with fever: 1 animal presented with 105.1°F at 4 dpi, and 2 animals presented with 104.2°F and 105.5°F at 7 dpi.
¢ Four of 10 animals presented with fever: 1 animal presented 105.8°F at 4 dpi, 2 animals presented with 104.8°F and 105.6°F at 6 dpi, and 1 animal presented with 104.2°F at 14 dpi.

following days and all animals dying or being euthanized around 8
dpc. All animals receiving either 10> or 10* HADs, of ASFV-G-
AMGEF survived the challenge with the parental virulent virus. In
addition, all of these pigs in general remained clinically normal
during the observation period (21 days), with the exception that
some of the animals presented a transitory moderate rise in body
temperature lasting for a day (Table 3). Therefore, infection with
either 10° or 10* HADs, of ASFV-G-AMGF effectively induced
protection against clinical disease and death upon challenge with
parental virulent ASFV-G.

The presence of virus titers in blood observed upon challenge is
an indicator of the protective potency of the immunity elicited by
ASFV-G-AMGF. The presence of viremia postchallenge was de-
tected (at different levels) in 8 of 10 animals in both groups (data
not shown). The type of virus present in those blood samples was
determined by conventional PCR, using primers specific for the

B-GUS gene and for the MGF-1R gene as indicators of the pres-
ence of ASFV-G-AMGF and ASFV-G, respectively. The time
points tested were selected based on the highest titer for each of the
animals. Of the 10 animals in the group infected with 10> HADs,
of ASFV-G-AMGF, 1 did not show detectable viremia or positive
PCRs. Another animal showed a very low titer that was not de-
tected by the PCRs. Of the remaining eight animals, five were
positive for ASFV-G-AMGF but were negative for ASFV-G, while
the other three animals were positive for the presence of both
viruses (Table 4). Regarding the animals infected with 10* HADs,
of ASFV-G-AMGTF, six of them presented ASFV-G-AMGF in their
blood samples but were negative for ASFV-G, while the other four
animals were positive for both viruses (Table 4). Therefore, al-
though complete protection against the clinical form of the dis-
ease was achieved, approximately 30% to 40% of the ASFV-G-
AMGF-inoculated animals harbored the infection with the

TABLE 4 Viremia, virus detected in blood, antibody response, and fever in pigs exposed to ASFV-G-AMGEF and challenged with parental ASFV-G

Virus detection in blood (PCR)

ASFV-G-AMGF HAD;/time of Viremia Anti-ASFV antibody

challenge for indicated pig (log,, HAD5y/ml)” ASFV-G-AMGF ASFV-G titer (log,,)” Fever®

10%/28 dpi
41748 2.05 + + 3.81 No
41749 2.55 + + 3.51 Yes
41750 4.55 + + 2.9 Yes
41751 =1.8 + - 3.68 No
41752 =1.8 + - 3.81 No
41753 2.97 + — 3.81 Yes
41754 2.47 + - 3.81 No
41755 2.47 - - 3.81 No
41756 2.47 + - 3.81 No
41757 =1.8 - - 3.68 No

10%/28 dpi
41758 2.97 + + 3.81 Yes
41759 6.12 + + 3.68 Yes
41760 =1.8 + — 3.68 No
41761 =1.8 + - 3.81 No
41762 3.47 + - 3.81 No
41763 =1.8 + - 3.68 No
41764 5.55 + + 3.08 Yes
41765 3.3 + - 3.81 No
41766 3.55 + — 3.81 No
41767 4.55 + + 3.81 Yes

“ Viremia was assessed at 4 or 7 dpc; only the highest titers detected are shown. Sensitivity of detection, =log,,1.8 HAD5,/ml.
b Serum antibody titers (at 28 dpi) are expressed as log,, of the inverse of the highest dilution giving positive results.

¢ Animals showed a transient rise in rectal temperature above 104°F.
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parental virus. Interestingly, most of the animals showing a tran-
sient rise in body temperature were those harboring challenge
virus in their blood. Furthermore, regarding the presence of
ASFV-G viremias or transient fever, all animals showed high levels
of circulating anti-ASFV antibodies at the time of challenge.

DISCUSSION

Infection with live attenuated ASFV strains has been the only
method available to effectively protect pigs against challenge with
homologous virulent isolates. These attenuated viruses have been
developed by sequential passages in cell cultures (8, 23-25) or by
genetic manipulation. Attenuated viruses obtained by genetic ma-
nipulation involve the deletion of specific genes by a process of
homologous recombination (9-12, 36). The generated recombi-
nant deletion mutant viruses have significantly reduced virulence
in swine, and, in all cases, animals inoculated with each of these
genetically modified viruses survived the infection when chal-
lenged with the corresponding virulent parental virus (9-12, 36).
Those findings suggest that development of attenuated ASFV re-
combinant viruses by genetic manipulations of a specific gene(s) is
an effective approach for vaccine development.

The MGF360 and MGF505 genes exist in the highly variable
left-terminal region of the ASFV genome and have been the focus
of investigation since some naturally attenuated field isolates such
as OURT 88/3 or NHV (37), or cell-culture adapted attenuated
ASFV strains such as BA71v (15, 19-21) or ASFV-G/V110 (22),
presented similar deletions in this region encompassing members
of both MGFs (Fig. 2). For instance, ASFV-G/V110 lacks
MGF360-13L and -14L along with MGF505-2R, -3R, -4R, and
-5R; NHV and OURT 88/3 share exactly the same deletions
affecting MGF360-10L, -11L, -12L, -13L, and -14L along with
MGF505-1R and -2R; and BA71v has deletions encompassing
MGF360-9L, -10L, -11L, -12L, -13L, and 14L along with MGF505-
1R. Although all these attenuated viruses bear deletions in the left
variable region of the genome encompassing MGF360 and
MGF505 members, so far, a direct cause-effect relationship be-
tween attenuation of virulence and deletion of MGF genes has not
been proven.

The role of MGF360 and MGF505 in determining the ASFV
host range has been better studied. For instance, it has been shown
that deletion of MGF360-12L, -13L, and -14L from the genome of
the ASFV Pretoriuskop/96/4 isolate reduces the ability of the virus
to replicate in ticks (28). More importantly, restoration of specific
MGFs (MF360-9L, -10L, and -11L along with MGF505-1R or
MF360-12L, -13L, and -14L) in Vero cell-adapted BA71v partially
restores the ability of the virus to replicate in swine macrophages
(27). Conversely, deletion of MF360-9L, -10L, -11L, -12L, -13L,
and -14L along with MGF505-1R and -2R genes significantly re-
duces the ability of the ASFV Pretoriuskop/96/4 isolate to replicate
in swine macrophages (27). In addition, this deletion abrogates
the ability of Pretoriuskop/96/4 virus to inhibit the type I IFN
expression in infected swine macrophages that is otherwise ob-
served in infections with the parental virus (29).

The ASFV NL (DP71L) gene product exists in two different
forms, a long form (184 amino acids) or a short form (70 to 72
amino acids), depending on the ASFV isolate (11). Deletion of this
gene in the ASFV E70 isolate (short form) rendered an attenuated
virus, whereas deletion of the NL (DP71L) gene from ASFV Ma-
lawi Lil-20/1 (long form) or Pretoriuskop/96/4 (short form) did
not result in attenuation of the viruses (30). Interestingly, when
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the genome of the Malawi Lil-20/1-ANL virulent recombinant
virus (30) was genetically modified to introduce a deletion of
MGF360 and MGF505 genes similar to the deletion introduced in
ASFV-G that produced ASFV-G-AMGEF, the resulting virus
showed an attenuated phenotype in swine (31). As stated by those
authors, the deletion of these MGF genes from Malawi Lil-20/1-
ANL complemented the NL gene function. From that work, it is
not possible to discern if the deletion of MGF360 and MGF505
genes from the virulent Malawi Lil-20/1 isolate would result in
virus attenuation. In addition, the ASFV Malawi Lil-20/1 isolate
lacking the NL gene and MGF genes reported by Neilan et al. (31)
was not tested as an experimental vaccine to assess the protective
efficacy induced by the recombinant virus against challenge with
virulent ASFV.

Asasummary, we report here the first evidence that deletion of
members of MGF360 and MGF505 is able to confer attenuation to
a highly virulent ASFV isolate. In addition, the ASFV-G-AMGF
data constitute the only experimental evidence so far of immuno-
gens able to induce protection against challenge with the highly
virulent ASFV-G isolate. Certainly, the use of genetically modified
viruses as live attenuated vaccines may represent a safety risk. For
instance, the long-term effects of such a development of chronic
disease as a consequence of infecting animals with recombinant
attenuated ASFVs need to be assessed. Additionally, the long-term
response of animals which were protected against challenge with
virulent virus also needs to be addressed. Here we have observed
that a proportion of challenged animals, although protected, har-
bored the wild-type virulent virus. The long-term effect of this
condition is not known.
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